-1- A METHOD FOR CONSTRUCTI NG GEOLOG C MODELS OF SUBSURFACE SEDI MENTARY
VOLUMES CROSS RELATED APPLI CATI ONS [0001] This application is the National
Stage of International Application No. PCT/US2005/29753 filed on 19 August
2005, which clainms priority to U.S. Provisional Application No. 60/609, 057,
which was filed on Septenber 10, 2004. FIELD OF THE | NVENTI ON [ 0002] This
invention relates generally to the fi-eld of geol ogi ¢ nodeling. Specifically,
the invention is a nethod for constructing a nodel of geol ogic properties

t hroughout a subsurface vol ume. BACKGROUND COF THE | NVENTI ON [ 0003] A

geol ogi ¢ nodel i g MEtABDFOR CERSTRUCATRELOEBILCTICCMODELSOYT f ace earth
vol unme, such as a petroleumreservoir or a depositional basin. In the oi

and gas industry, geol DPHIVURACESEAHMENEARY|XOLEMES n activities such as
determning the | ocations of wells, estimating hydrocarbon reserves, or

pl anni ng reservoir-devel opnment strategles Geol ogic nodel s are connDnIy
inputs to production flow i HCATIONSY to test devel opnent and
production scenarios in order to optlnlze return on investnment. A key
paranmeter in flow sinmulation is the spatial distribution of perneability,
whi ch t og@btidr w t Mhisheppicayrer isi &8 Nhtidnhle Stalgy dif olmgeriimtinsal afvpplebtiver Nbl ui d

found in C reser 0|r s,the producihil of t he
reserv0|rﬁyﬁyggﬁ§g§%§3§ég1%bl gqﬁhé gbﬁﬁék?“%aﬁoﬁgéndﬁﬁy¥8¥f? ent data
types, i ngppridativog Nd6b/600057, Wﬁlch&ds tilzd oA SkptpBPeniyoodat a obt ai ned from wel |'s
and seismc data, as well as structural and stratigraphic surfaces that
define distinct regions within the nodel. The goal of the process is to
construct a representation ofgisorubgpNeeENTHOAt IS realistic, accurate,
and consistent with the available data types. WD 2006/ 031383

PCT/ US2005/ 029753 -2

[0002] This invention relates generally to the field of geologic modeling. Specifically,

the invention is a method for constructing a model of geologic properties throughout a

subsurface volume.

BACKGROUND OF THE INVENTION

[0003] A geologic model is a computer-based representation of a subsurface earth
volume, such as a petroleum reservoir or a depositional basin. In the oil and gas industry,
geologic models are commonly used in activities such as determining the locations of wells,
estimating hydrocarbon reserves, or planning reservoir-development strategies. Geologic
models are commonly inputs to production flow simulations that are used to test development
and production scenarios in order to optimize return on investment. A key parameter in flow
simulation is the spatial distribution of permeability, which together with the properties of the
hydrocarbons and other fluid found in the subsurface reservoir, determines the producibility

of the reservoir.

[0004] The geologic modeling process can use many different data types, including
but not limited to rock-property data obtained from wells and seismic data, as well as
structural and stratigraphic surfaces that define distinct regions within the model. The goal of
the process is to construct a representation of the subsurface that is realistic, accurate, and

consistent with the available data types.



[ 00051 Ceol ogic nodel s may take on many different forns. Most commonly,
descriptive or static geologic nodels built for petroleum applications are
in the form of a three-dinensional array of nodel blocks (cells), to which
geol ogi ¢ and™&20069éBghysi cal properties such as |ithol REE/UBEH97By
acoustic inpedance, perneability, 5 or water saturation are assigned (such
properties will be referred to collectivélry herein as "rock properties").
The set of cells constitutes the geol ogi c nodel and represents the
subsurface earth volume of interest. D nensions of the cells are comonly
chosen so tha r ra 1.t hi el gl d nogeneous
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nodel theor@ti egtklpyopeicB g et akll th he @babdie modél&o SR thedtesula@hbddlistan of a

rrock property may be captur.ed vari ogram A variogramis a well- known
fechni que for ﬁ‘iéW’FWVF tm?‘%°%ﬁ%‘é%‘%a‘?et Y(’l‘ém?%tgﬂte‘f?gtoperty as a function

of separation distance and direction. Ceostatistical nodels offer several
key advant ages[0006] t h&hert hetwo aninutdyk taz@palataititbedisceatiged geblogici vetunegvith
statistical algorithns, readily 25 acco te.data.contraol poin such as
vell 5. and ar ePaREHEERcq iR JeboigResp L SIoceaet TRECUE dBr SRR et ng
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direction, and spatial continuity of the rock property being modeled. Deterministic

estimation methods typically calculate a minimum-variance estimate of the rock

property at each block. Probabilistic estimation methods develop distributions of the

rock-property values and produce a suite of geologic models for the rock property

20 being modeled, with each model theoretically being equally probable. The spatial

continuity of a rock property may be captured by a variogram. A variogram is a well-

known technique for quantifying the variability of a rock property as a function of
| separation distance and direction. Geostatistical models offer several key advantages
in that they can utilize a wide range of existing statistical algoritbhms, readily

25  accommodate data control points such as wells, and are amenable to rock property

modeling and optimization using geophysical constraints such as, three-dimensional

seismic data. U.S. Patent Nos. 5,838,634, 6,381,543 and 6,480,790 cover geocelluar

modeling methods embodied in processing flows which include repetitive

optimization steps to drive the geologic model toward conformance with geologic and

30  geophysical data, such as well logs, seismic surveys and subsurface fluid production

‘and pressure data: ~Most commercial geologic modeling software-packages,including -



optimization steps to drive the geol ogi ¢ nodel toward conformance with

‘geol ogi ¢ and 30 geophysi cal data, such as well |ogs, seismc surveys and
~subsurface fluid production a nd-pressure"data.-Mst comrercial -geol ogic
-nodel i ngsof t waoeeqeasissiges; i ncl uding WO 20061031383 PCT/4d34f0p1p%aE53 -3
PETREL, GOCAD and STRATAMODEL, contain a w de spectrum of geostati stical
tools designed to fulfill the requirenentg.of the reservoir geol ogist or
engi neer. [0007] The chief drawback to geocellular nodels is that they
generally do not <closely replicate structures observed in depositional
systens such as rivers, deltas and 5 deep-water canyons and fans. This
consi der at i on iRETREGNGOCARhnd STRATAMOBEL] containawidstspentmuor & gobstatistical

deposi tional syst i gnif] f .eservgelr quality and
continuity. 10(5@%%%@%%@%@%gﬁ%‘%%f%%nﬁsg&%ggﬁ@%% g@f)élgtu gLﬁ%egrde reservoir
vol unmes as assenbl ages of geol ogi ¢ objects such as channels or depositional
| obes. U.S. Pat{8d7] t ghpishiebdpwhackg sgbesilaswmadelnis thaj thest gdvamliy davwel i ng
schene that all i L s J gic

obj ccts. from areayfepdel Rikhlossbe R KblRACYRBRL ok GG UBEUETE
The appr opr isat eleeswaterf canyens and |foy. | Bhi§ crasidefatinp is Isignificant dn dhat thef intetnal pr ocess

based on their i 4 j es,
"nel uding perReFiy R Be e A et ey pERTIRA o o HHEroBREIAOES
el enents that mndrantiohignnel s and | obes using sinplified el enents based on
user - def or mabl e shapes such as half pipes and ellipses. [00091 QObject-based
modeling is ”Ds{bodsﬁef \Hojeb6isy (gabi8gic ShomRS ke alubSRAEL Q}esen}oi}f QSRS @ such as
that provided by three-dimensional “seismc volunmes is lacking or 20 is of
| ow resol uti on.assehblagesrasigeolagio pbisctp push iagl eipmials endepesitigahiobdsodsS datenhot
readily capjqr *’ch. G944%92§3Ai&¥os§s%fe'oﬁjecﬂ|§3§éarr£%ﬁ cﬁé?:?é‘thht”a}lﬁ%ﬁ@@éolo ist or
t hr ee- di nensi onal Sei'smc surveys. Furthernore, nost of the“curtent
t echni ques enphessiveiz engingentd sslegingeologisaohisets fromrmplangleg libraryt todegsmbaichrthe
reservoir ele L ' L gni fJ ar bon
eservor ¢ ypodtepl teiyg rARL o Rkop e e B tnaiak Wihddef B9 e EERE

of the process based on their geologic experience. Most commercial software

packages, including PETREL, IRAP-RMS and GOCAD implement objects as

15  volumetric elements that mimic channels and lobes using simplified elements based

on user-deformable shapes such as half pipes and ellipses.

[0009] Object-based modeling is most useful where three-dimensional spatial
information such as that provided by three-dimensional seismic volumes is lacking or
20 is of low resolution. The simple shapes provided in existing methods can not readily
capture the complex spatial information seen in modern three-dimensional seismic
surveys. Furthermore, most of the current techniques emphasize channels and
channel complexes as the primary reservoir element. While channelized systems are
significant hydrocarbon reservoir types, the identification or modeling of channels is
25 incomplete without accurately characterizing the potentially porous and permeable
sands that fill them. The sands themselves are packaged in lobate bodies much like
sand bars observable in modern rivers or deltas. It is these bodies which form the
bulk of siliciclastic reservoirs. Geologic models that honor and take advantage of
these naturally occurring, fundamental elements should produce more accurate

30 —subsurface-models—



25 inconplete wi thout accurately characterizing the potentially porous and
pernmeable sands that fill them The sands thensel ves are packaged in | obate
bodi es nmuch like sand bars observable in nodemrivers or deltas. It is
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nodel s typically cannot be efficiently optimzed by conputer algorithns
when new stati dynam. ¢ - ' Fi . ree 15
di mensi onal seic@ﬁlﬁcl, Slr}% é@gi&/ss pérdgvp‘gegsog& s%éft%%ﬂgf E%?%tﬁe}v?gl?%gkg%oﬁ%g%{@a%ﬁg nodel s
which is didf i deposits,thot thephre att @mmanly yedive semhersiebizeotngizl ode[iQlie@usér om t he
foregoing, it G dﬁ%gﬁtet? Ijaldj s%ﬁe I‘B&'i%f pﬁt? i %ucrﬁleale\gayfag'io &u%@ &%HfaggtdeonP nors the
shapes and property distri’butions of“naturally-oCcurring sedlmentary
deposits but can mhaosubsirfaees dity constedintso Huliliel gebtatlulae ios wbiectansednmbdelgiat a. | n
h 2 5 ) . )
; eg S? g? ;lgt i 2 a?epgg%lpsglgag%dge toﬁglg’ Bzglrcglfyesc%nn%?st%d ’effﬁ:l? ﬁ}(r: top %ﬁzee% %}r'] dcompute:r

algorithms when new static or dynamic data become available. Finally, modern three-

15  dimensional seismic surveys provide a spatial framework for geologic models which

is difficult to replicate with process-based models.

[0012)  From the foregoing, it can be seen that there is a need for a method that
honors the shapes and property distributions of naturally occurring sedimentary
deposits but can also be easily tied to available seismic and well data. In the above
20 described method, process-based, object-based and geostatistical approaches may be
utilized. Preferably, the method may provide an automated optimization process
capable of being performed by a computer, resulting in a more accurate model of the
subsurface earth volume of interest with minimal additional time and effort. The

present invention satisfies this need.



utilized. Preferably, the nmethod may provide an automated optim zation
‘process capable of being performed by a conputer, resulting in a nore
accurate nodel of the subsurface earth volunme of interest with m ninal

- addi tional tiWR208¢$18Bfort. The present invention sati SFTERW¥RYSheed. WO
2006/ 031383 PCT/ US2005/ 029753 -5 SUMVARY OF THE | NVENTI ON 100131 A rnet hod
I's disclosed for constructing a geol ogic nbdel whi ch specifies rock
properties within a subsurface vol unme based on seisnmic data: In this

enbodi ment, (a) outline forns of at | east one geol ogic body within the
subsurface 5 volune are identigi (b) the grain-size
distribution at at |east one ¥ sﬁi]fﬁ#ﬁ: G body is estimated from
the outline formof the geol ogic body; (c) rock properties including
porosity and pelfiBhbi | A metherdds disdeediorednstrueting a grologtemedalivhisll specifies si ze
di stribution al Lt m paral.o tory. f t to
[00141 A secondaggnt?\é%&%gnlgglvolgnﬁtahg%sa@%bwdn?é ggéﬁgt%csellsﬁg %tggo ogrghlnc nodel
whi ch speci f i esemtoditnept, ¢@erutline Sommist dfiah leastsano gaolbgic dody within the sedumive sei sni ¢

data is als ' o t t t [ tenti al
geol ogi ¢ bo eg‘} ar e asrg e?‘%%%%“f?%@ﬁ%%@ theé&%w% dﬁ%ﬂﬁﬁmﬁ? trrE[‘stllelg%’\teo@l orns are
tested, sel ect |pcg1tm1ﬂhy1 agmk;glc bodyt Isiestendialrfign the atitline koernyof ¢her geelopgio hddy; o

sand- prone geol baodi (; of, 1 s..adj ust ed
to make them su @2 tpr(é]? yesc](%gr%%%l% 8§1Jt° é&?{ﬁl %Fglgeatjoﬁ tilé%é dé(}g#'%rda"llsh sthgn t he
geol ogi ¢ nodel dsatarﬂnmad; graine siva| digpdimtiby sileg] witho pectalegy, agd)) brdak history
spatial | y-varyi nﬁ) ain-size distribution is determned within the outline
fornms; (e) roc® Eﬁ‘?)t rtles are determned within the geol ogi ¢ bodi es using
t he det er i ned grain- size distribution. In addition, the rock properties_
can be det entri ni@@14)si ndy stnond gmbodd@erttjof tther methert for reanstueting] opeplegia moddhe
grain-size dist f d
constructing a ‘;éié‘g‘fj gefo'l?esnoglg?’%vfﬁ? C‘EM{,S% @gg&scgﬁgﬁc] &F%CEZOP%%%%WME

subsur f ace vol wslw disisel. dn tiieésbridimatf (@) outline forms of potential geologic bodies are

extracted from geologic data; (b) the outline forms are tested, selecting only those

outline forms that likely correspond to sand-prone geologic bodies (c) the size of the
15 outline forms is adjusted to make them substantially consistent with additional

constraints on the geologié model such as interval geophysical properties; (d) the

spatially-varying grain-size distribution is determined within the outline forms; (e)

rock properties are determined within the geologic bodies using the determined grain-

size distribution. In addition, the rock properties can be determined using burial
20  history information along with the grain-size distribution.

[0015] A third embodiment of the method for constructing a geologic model
which specifies rock properties within a subsurface volume based on seismic data is
also disclosed. The method comprises: (a) identifying the outline forms of at least
one geologic body from the geologic data; (b) estimating the depositing flow field that
25  created at least one geologic body from the outline form; (c) estimating the grain size
distribution within at least part of the geologic body using a relationship between the
estimated flow field that created the geologic body and the grain-size distribution; (d)
estimating rock properties of the sedimentary basin within at least part of the of

sedimentary basin based on grain-size distribution.



al so di scl osed. The nmethod conprises: (a) identifying the outline forns of
‘at | east one geol ogic body fromthe geol ogic data; (b) estimating the
depositing flow field that 25 created at | east one geol ogic body fromthe

- outline fornwo(20)608m83 Mati ng the grain size distributiBEVE2PHHTE | east
part of the geol ogic body using a relationship between the estinmated flow
field that created the geol ogi ¢ body and the grain-size distribution; (d)
estimating rock properties of the sedinentary basin within at |east part of
the of sedinentary basin based on grain-size distribution. WO 2006/ 031383
PCT/ US2005/ 029753 -6 BRI W@%ﬁm 0016] Figure 1
illustrates the initial st ¥ ary system by a
poi nt-source flow, 5 [0017] Figure 2 illustrates a | ater stage of deposition
of the sanme sedi nentar system shown in Figure 1; [0018] Figure 3

i |lustrates an [@16h | Fapve §illgeatessthe inish ptagecnf deposttioa @amlmglgwﬁﬁtﬁnar y
system shown i RoBightengee AP 19] Figure 4 is a flow chart of an embodi ment
of the inventioh; 10 [0020] Figure 5 is a flow chart of a second enbodi ment
of the inventiaon: [0021] Figure 6 is a three, dinensional view of a seed
det ect ed sei5sm'[@j](?hbe;Flg‘f‘bézgﬂ‘s‘lﬁe@ﬁrléter?St?Hel fdeposition of the sargs e t hree
di mensi onal volgyf®n khdwiSh Fafudl; in Figure 6; [0023] Figure SA illustrates a
cross sectional "and map views of a potential 15 reservoir interval; [0024]

Figure 8B illu es map, v ew of a potential reservoir interval; [0025]
Fioure o 111 ustPBbe” Fap A MEFF 25 St B GEh (4 afPPELRY 9 1S S3HH body
whi ch has been sp@puhtaty@gstah bibwash Figade@g grai n-si ze distributions; [0026]
Figure 10 is a schematic representation of the burial and diagenetic 20

alteration of GoGaPl iBLopk Qoo SELHE! dutSRMLIF Rtk dlor o351 g burial

10 [0020] Figure 5 is a flow chart of a second embodiment of the invention;
[0021] Figure 6 is a three dimensional view of a seed detected seismic cube;

[0022]  Figure 7 illustrates a map view of the three dimensional volume illustrated
in Figure 6;

[0023]  Figure 8A illustrates a cross sectional and map views of a potential

15 reservoir interval;
[0024] Figure 8B illustrates a map view of a potential reservoir interval;

[0025] Figure 9 illustrates a map view of a sihgle potential reservoir sand body

which has been populated with estimated grain-size distributions;

[0026] Figure 10 is a schematic representation of the burial and diagenetic
20  alteration of a sample block of reservoir sediment with increasing burial time,

pressure or temperature;

[0027] Figure 11 illustrates a three dimensional view of a reservoir interval where

non-reservoir and low quality reservoir material are added to the geologic model; and

[0028]  Figure 12 is a flow chart of a third embodiment of the invention.



pressure or tenperature; [0027] Figure 11 illustrates a three di nmensional
view of a reservoir interval where non-reservoir and low quality reservoir
material are added to the geologic nodel; and [0028] Figure 12 is a flow
“chart of a tWO2806@338di nent of the invention. WO 2006/ O8I3&3005/029753

PCT/ US2005/ 029753 -7 DETAI LED DESCRI PTION [0029] In the follow ng detail ed
description, the invention wll be descrtbed in connection with its
preferred enbodi nent. However, to the extent that the following description
Is specific to a particular enbodinent or a particular use of the invention,
5this is intended to be illust | ingly, the invention is
not limted to the specific e Eralle W%Clﬁﬁ 1u bel ow, but rather, the

i nvention includes all alternatives, nodifications, and equivalents falling
wi thin the trul0gUopelnothe fpltowingygiailge desstiptions the[ iI90:369n Wilk beldgregbediion of
clastic sedi Meghal¥oR QS plotfcd Unb¥REA! Bovwbhdk/o tod b wdnOfoliowing

sedi ment - | aden"water from & contine channel’, such as a river mouth, into an
open regi on wisseriptivhéds speafic thecpartisnlat ersbodibhrnt prod perticutes mee oflike igvadtioent - | aden
flowis ablg tg. . . [l eal - VR . 4 i Lol et.
Initially sgc h&%sl lgffv\%ﬁg%pfg% i ?ag%g f/’ﬁ 'néb%é%%%* ’?ﬁé s%%ﬁnﬁe&gwggﬁﬂegq thgw

decel er at es. TépeciBaf ¢nalvodiment t described dwiave dbut seattienetite dnventioni inclvdesglatl, it

cuf 1§ ci ent 1y | Spgsbele et oo, RHROIHR e O TRESHE siche S GRS

results in a apendedthimgsnd inlet for the flowfield to an open regi on beyond
or adjacent to the old deposit. The deposition process then repeats, and a
second body in SYsit em | S C ] @ﬂzdﬂ ' . -hap: uch body
may be activel E?Tog“au I trﬁ\sfﬁ ﬁ?ﬁh%nhgeﬁgags/@fsg%mgt a Otdﬁege@ypl@%fggé . Fﬁgﬁgﬁocess
produces a lflepofsedimeninlgdent watey froin s ¢aubhed cbinngle stichen b siver mauth, ndelareepenwhi ch i s
a useful nodel r ql As wi ||
be under st ood ﬁ%lghv{{l)lgrg @iﬁiwgﬁglgﬁ%'h@%ﬁ{ot&?@% %gﬂ%elsgc\ﬁv&%%g%%ggl 8{rv|q£ |ctg whi ch
create such. boeipes sminddselerteais yypaally koown\esvthe inl@t dhitislly suchtiloms sxpand

freely and deposit sediment as the flow decelerates. Thereafter, as the deposited

sediment grows in height, it begins to obstruct the flow field. Eventually, the deposit
15 becomes sufficiently large that the flow is diverted around the deposit. This results in
a new path and inlet for the flow field to an open region beyond or adjacent to the old
deposit. The deposition process then repeats, and a second body in the system is
created. In addition, more than one such body may be actively built within the system
at a time. Overall, the process produces a deposit consisting of stacks of sedimentary

20 bodies, which is a useful model for the structure of hydrocarbon reservoirs,

[0031]  As will be understood by those skilled in the art, the flow characteristics
which create such bodies can be analyzed from Navier-Stokes equations and
conservation principles applied to a sediment laden flow beneath stationary clear
water that can be entrained, such as turbidity currents in the deep ocean. Such
25 analyses can be extended to flows without vertical entrainment, such as a shallow
water layer under air, and these extensions are also within the scope of the present
invention. The shape and properties of the depositing flow determines the shape and
internal properties of the deposited geologic body. Furthermore, the flow field is
related to both the outline form of the deposit and the grain size distribution at all
30 points within the deposit.



.conservation principles applied to a sedinent |aden flow beneath stationary
clear water that can be entrained, such as turbidity currents in the deep
ocean. Such 25 anal yses can be extended to flows w thout verti cal

" entrai nnent, MAREP8Y shallow water layer under air, BETUSDEHL7EXt ensi ons
are also within the scope of the present _invention. The shape and
properties of the depositing f1 ow deternfhes the shape and internal
properties of the deposited geol ogic body. Furthernore, the flowfield is
related to both the outline formof the deposit and the grain size

PCT] Us2005/ 020 _ otuiBa estlobinh, &0 e WA ks RPRRRDRI e

fornms of geol ogmactbxbﬁomsgeoiaglc idata sechtas am'srmd dﬁua(miuyxesxl (oitiee dalive foumsipfas
seism c data vaol utI| e for eol o es e rel ated
to the deposi Rl ogﬁ‘clsd 335%‘}3 e@%ﬁ“@é%ﬂge}o‘i tgatc ¢ ge(ﬁs‘ btf‘%é 82%‘ Gsi ti ng
flow field in & bmngeﬂlm lﬁelﬂeﬁ tmrhele&pmmsathé ypauailwvamgnggmmsm distributivhr | but i on
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the flow expands and decelerates, it loses its capacity to carry sediment, and deposit

15  161is formed beneath the flow.

[0034]  Figure 2 shows a later stage in deposition of the system first pictured in
Figure 1. In Figure 2, deposit 16 from Figure 1 has become larger and is labeled 16'.
Deposit 16° is so large that it now diverts the flow 20. Deposit 16' is no longer
building, but the diverted flow is now creating two new deposits, 22 and 24.

20 [0035]  Figure 3 shows a later stage in deposition of the system pictured in Figure
2. The flow 30, is now confined to channels 32 and 34 which transport it past
completed deposits 16', 22' and 24", and is building deposits 36 and 38.

[0036] A first embodiment will now be described. With reference to Figure 4,
this embodiment involves procedures to determine rock properties within a subsurface
25  region using a seismic image of the region. As illustrated in Figure 4, an outline form
of at least one geologic body within the subsurface region is identified (step 401).
The grain-size distribution in at least one point within the geologic bodies as
identified in step 401 is determined (step 402). Finally, at least one rock property is
determined -using.the.grain._size_distribution found in. step 402 (step 403). _The rock
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from seismic data. The first method is the manual identification of stratigraphic
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15  surfaces in the data which define the boundaries of stratigraphic intervals and form
the top and bottom boundaries of geologic bodies. Typically, geologists manually
identify stratigraphic surfaces by recognizing and identifying seismic reflections as
horizons which correlate to changes in rock properties including stratigraphic

surfaces. The details of this process are familiar to persons skilled in the art.

20 [0039] A second method is the automated propagation of stratigraphic surfaces,
which define the boundaries of stratigraphic intervals. This method is typically
performed with a computer extrapolating known or inferred stratigraphic surfaces on
the seismic data. Examples include seismic coherency or discontinuity programs.
The details of this process are familiar to those persons skilled in the art and are

25 included in commercial applications such as VOXELGEO, GEOFRAME,
SEISWORKS3D, and PETREL.

[0040] A third method is the automatic identification of stratigraphically realistic
geologic bodies as regions having similar seismic attribute values. The preferred

embodiment for step. 401 is automatic identification of geologic bodies based on _the _



the top and bottom boundari es of geol ogi c bodies. Typically, geologists
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[0042] U.S. Patent No. 6,823,266 discloses a method for performing object-based
connectivity analysis in a three-dimensional data volume. This method provides the ability to
predict the connectivity of a seismic object identified by seed detection or similar method. In
this method, each identified seismic object can be tracked for changes in its size, spatial
position or connections to other seismic objects as function of a chosen threshold value or
other user controlled constraint if two or more runs are compared. This allows the operator to
pick a threshold connectivity value and track a sedimentary body based on that threshold

value.

[0043] U.S. Patent No. 6,674,689 discloses a method for classifying the morphology
of seismic objects. In this method, geometric statistics are calculated and used to classify the
morphology of the seismic object. Seismically-defined bodies that have shapes and internal
attributes indicative of good hydrocarbon reservoir potential (or other element of interest) can

be evaluated and extracted from the background of unimportant seismic objects.



adj acent race confornms to the selected criteria. [0042] U. S. Patent No.
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.ability to predict the connectivity of a seismc object identified by seed
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[0046] Step 402 involves the determination of the grain-size distribution at any point
within the geologic bodies. This step can be accomplished by a variety of techniques. Some
of the techniques have additional data requirements, and the preferred embodiment for this
step depends on the availability of this auxiliary data as well as on the nature of the geologic

bodies.

[0047] One technique is a method for relating the three-dimensional outline of
geologic bodies to the internal grain-size distribution. This method is described in co-
pending U.S. Patent No. 7,062,383. This is the preferred embodiment if fully preserved (not
eroded) bodies can be identified from seismic and should be applied if the three-dimensional
form of the bodies can be accurately determined. In this method, the internal properties of a
water-lain sedimentary body can be determined from the three-dimensional shape of the
deposit. One embodiment comprises solving equations relating the identified three-
dimensional shape of a sediment body to the flow field that produced the body and using the

flow field to solve for the sediment body properties in at least one point within the body.
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deposit. Initially, the vertical thickness of the sedimentary deposit at the designated location
is determined as well as the vertical thickness and grain size distribution at a second location
different from the designated location. Second, a distance parameter corresponding to the two
locations is determined. Finally, the distance parameter, the vertical thickness at both
locations, and the grain size distribution at the second location are used to calculate the grain

size distribution at the designated location.

[0050] A fourth technique involves determining the properties of geologic bodies
penetrated by a well and filling a larger geologic region with synthesized geologic bodies
having a similar distribution of properties to those bodies penetrated at the well. This method
should be applied when the smallest scale geologic bodies are too small to be visible in
seismic data, provided a core sample or other measurement of body thickness and grain size
distribution is available. The method for determining the properties of geologic bodies
penetrated by a well is described in PCT Publication No. W02004/093521. This method can
determine the properties of a water-lain sediment body from a measurement of grain size

distribution and deposit thickness at one location in the body. In one embodiment, the method



measurenent is available or can be estimated at one point within each body.
- This nmethod predicts the grain size distribution at any designated | ocation
within a water-lain sedinentary deposit. Initially, the vertical thickness
_of the sedinentary deposit at the designated |ocation is determ ned as well
as the vertical thickness and grain z ze distribution at a second | ocation
different fromthe designated |ocation.” Second, a distance paraneter
corresponding to the two Jlocations is determned. Finally, the distance
paraneter, the vertical thickness at both |ocations, and the grain size
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I n one eﬂﬁaﬂgai[tﬂﬁ’ﬂfoz Wo%bﬂﬁ@ 13- conprises (a) determning the flow

properties the measured location, (b) extrapolating the flow properties
back to the inlet through which the depositing flow was emtted, (c)
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sedi nentﬂogggy by %m%‘ el E%ﬁlgu e (%156\% SBPLE%%% %hgsf}u“ﬁsdla F\% ‘gHCgFBS?fl lrlcae%gt]%t ed flow
propertileglicatand hdjustingelhe bavadarg ceplitidny of ts fRwooih dersymaletad idéposin outice t he

sedi nrentary bo roperties.in the vicinity.of the well are  determ ned, the
et s calPy ey M En e R Bali Sestrh St iubRe Ay tu g BT 'od’ wi tn
smal | er hedods diawdsed)inad cGPRTdaY UBL erosisainhiSPdiah A p@licikion ilddi @Ac@fenfdy operti es

as determned from the distribution o roperties gbserved at .the well.
Thi s et NI (s PSSL PBAHOPD (Bt PRBNTL AT SR agine JeSesYORoRtes Bos51) A

fifth teamridsenddeNg Ma8disieildliat prosiche Af hmbthel for eViBuathi; etk Rrapduresy t he
numerical modeling of sedimentary processes is disclosed in the application. This technique
solves fluid dynamics equations in a control volume scheme to simulate flow physics and
deposition. In one embodiment, this numerical modeling technique involves, (a) solving a
two-dimensional time-dependent mapview system of equations for at least flow momentum,
flow height, suspended sediment concentration, and entrainment of overlying water, (b)
calculating net sediment deposition at each mapview location using the flow properties, and
(c) recording the time-variability of the net sediment deposition. As computational power
increases, these models may have significant predictive capability for modeling the rock

properties and potential fluid flow elements in models of hydrocarbon reservoirs.

[0052] The preferred method for implementing this fifth technique is in conjunction
with hydrodynamics-based gridding (Hydro-Grids) for geologic modeling of the rock
properties including grain-size distribution. This method is disclosed in a PCT Publication
No. W02006/007466. In this method, the geologic model cell tops correspond to surfaces of
constant time as determined during the numerical modeling. The rock properties of the basin

are then represented in this hydrodynamics-based gridding structure.



bodi es and adjusting the boundary conditions of the flow until the sinmulated
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rock pro ies of the basin re th re ent.ed in t
hydr odyngﬁ%‘bs bas &t PEHTTE 'ﬁ&th%‘ffsuq,fﬁ?ﬂ gd in ?Q!%slf"@é%%‘f“ &i% B{' (360905( WW2es the
predi ct i PRis Gheth@C KinRl ABE kirdeSndMdepdsRioh heo@@&h@lgl é?ndb Qéhh&satioRa$esh Qhe

grain-size distribution. This can be acconmp ﬁla vari ety of nethods,
i ncl udi néfterpired gerin- FizeflisEiuics. rreralgveand ea%lémt%{t/ b Hesieresied EBing Ik ti es from

grain-si ?e@u’lqelnﬁaftlf)h bistrdp@&tion, ﬁlﬁ@é’n@nﬁgyla oﬁﬂﬁl dMhd Qtje shhﬁﬁ@ﬂ yPlO‘)é?tlésr@ tadsence of
grain size data, current geol ogic nodeling nethods comonly use cross plots

of por ossangstensciughersupsityiang permeabifibomm: by @alwl%@sfm@ tupeglalgn seWsi t i onal
faci es t‘PheerﬁEt e?mR?ﬂPﬁ‘gR'lﬁhéeroyag %%Q%l?tédq&rﬁg%l bur dlllhﬁstg lues and

spatial distri Ion o orosity are us y estimate rodagh
geostati stical nethods

[0055] A second embodiment will now be described. With reference to Figure 5, this
embodiment involves procedures to determine rock properties within a subsurface region
using a seismic image of the region. As illustrated in Figure 5, outline forms of geologic
bodies within the reservoir interval are identified (step 501). Each outline form is evaluated
and discarded if it is determined that the form is unlikely to be a sand-prone geologic body
(step 502). The outline forms are adjusted in size to make them consistent with additional
constraints on the reservoir (step 503). The grain-size distribution at any point within the

‘geologic body forms is determined (step 504).



SO,

I'inked to depositional facies analysis fromtwo- or three- dinmensional
seismc data and well control. Persons skilled in the art of geol ogic
nodeling are famliar with these techniques. [0054] A preferred nmethod is
“descri bed i n WORodenbisgcati on No. WD2005/104002. Thi s maidiad6kashat es
sandst one deposition, conpaction, and cenmentation. Fromthe determ ned
grain-size distribution, mneralogy and bu¥i-al history of the deposited
grains, the sedinentation, conpaction, and cenentation of the grains are
sinmul ated. Properties of the sandstone such as porosity and. perneability
may be calculated fromthe sinulation results., The nethod permts nultiple
m ner al ogi es t o Berosk H{?Pﬁﬁh@%arﬁﬁFtF%negH’émgﬁlﬁ %F‘nﬁlzgwuu?@@%@]sgb' s&ond
enbodi ment W | | yai@me RehsleBfebddfd indivalthhtal Q6teisRiated Withdtgedlopic Holly form

enbodi ment i nvolves procedures to determi ne rock properties within a
subsurface regi Billed,¥ith dpwpermpability mateaa] é5terS06he region. As illustrated in
Figure 5, outline forns of geologic bodies wthin the reservoir interval
are i dﬁ““ fied [(msﬁp 59%1) S?Em%lyéslﬂﬁdiiieﬁhgﬁédﬁbﬂbf%e emnﬁmgﬁs:bfgaﬂdgidbia@és_rdeg ijf
it is determned that, t. ormis. u ely to, be - pron eol ogi ¢ body
(Step 502y holphERinge fopmieranif bl naes o f of Bafalent ReRreoid: ot ont
wi th additional perfoefied idinftlivaleht fadnd @E@EP/3B1 fof FHufePs. SA Preferidd enciiodiighoS| ze
distribution at any point within the,  geol og{c, ho fornms is determnned
(step 504). WO 2pgstsaliveadrapicthy oibnmirapefasslogiciaodies fomap tiregrdimensionals ar e
determ ned usi ngidnliedfls dblimsi ze di stribution (step 505). The volunme wthin
the reservoir interval that is not associated wth a geol ogic body form is

filled with | ow, neali | i teri step 506). .[. 0056 ep..501 invol ves
the identificat p@ﬁﬂof ?tﬁgs{')%"t"{gﬁlﬁtés ‘?agﬂ‘ FF&”'&"F‘P%'@[S‘PQ&&F%C B‘%‘@@tthegltfsraoﬁ‘?? jeol ogi ¢
dat ?. Thg e hOﬁﬁ)ndﬁ)trdlgiidiﬁﬂyj Thi8 iseRcohiplisield bly_iseibt]l:ﬂa a&ribl[terrfefhedmﬂﬂlrﬂdf | 4
performed in an _equjval ent. manper_in step 1 of Figure 5. A preferre
method is to a%‘?%f‘?ﬁlci YSi %Q&Fa‘&?rp]?‘ﬁ%gyoﬁfﬁien‘a‘trlaf}f"ﬂsselﬁrfucg%%?cg’gi CTEBSSdi es
froma three-di gRRGk® vutlines &l Grehidt Sjuddell WaEbe [s&HAEdneSkeloghd Bodivwrbigat s

each extracted %gtl ' He to determ ne whether it is a sand- 10 prone geol ogic
body. This is a ‘Eﬁ‘ﬁjﬁished by seismc attribute nmethods and through

[0058] Step 503 is to adjust the size of the sand-prone geologic bodies to tie
15  interval geophysical properties determined from seismic and/or wells, Typically, this
step involves altering the body outlines by enlarging or shrinking so that the net-to-
gross of the reservoir inferval, as estimated from seismic or at wells is substantially
equal to the fraction of vertical distance through the interval contained in body
outlines. The enlarging or shrinking process can involve adding or removing a
20 constant thickness from the geologic body outline. Alternatively, a constant
percentage of thickness can be added or removed at each point. More advanced
techniques involve adding or subtracting cells to achieve close matches to sand body
shapes known from simulations, studies of outcrops, modern depositional
environments, and high resolution three-dimensional seismic volumes. Persons
25  skilled in the art will recognize other methods for adjusting body outlines to match

interval geophysical properties.

[0059] Step 504 involves the determination of the grain size distribution in at least
one point inside a geologic body. The methods described in step 402 of Figure 4 are

the same and performed in an equivalent manner in step 504 of Figure 5. .



geonetric analysis of the norphol ogy of the extracted seism c objects. Those
- extracted outlines which are not judged to be sand-prone geol ogi c bodies are
di scarded. [0058] Step 503 is to adjust the size of the sand-prone geol ogic
~bodies to tie 15 interval geophysical properties determ ned from seismc
and/or wells. Typically, this step involves altering the body outlines by
enl argi ng or shrinking so that the neéf-t o- gross of the reservoir interval,
as estimated fromseismc or at wells is substantially equal to the
fraction of vertical distance through the interval contained in body

out | i nesfoodde eRI Bey 5B 1]9volséarthmisﬂemgtllcpf@feee@pr@pmésrwm{wmeagddiog@ body Irermvi ng
a 20 constant thjckn ro geol o I ternatively, a
const ant”S“tgegr?:‘éﬁfzaéégtrﬂ?““%?‘g]‘?%ﬂ’éggn g&'ﬁ S Szggdﬂé %‘ﬂﬁ@%@l"ﬁ‘f‘“éﬁeﬁw‘bm nt.

More advahigathe digghiod4as mmtgbg}ealaﬁigiwa b@ﬁalsmhb@ac@tshﬂlga@%l:dlﬁleﬁtsznoachl eve

cl ose matches to sand body shapes known from sinmul atigns, studles of

out cr opsSOMPBEHan aﬂ%ﬁ%"éﬁltti‘t&ﬁa?f the EF3ipH Nk siEIaiAY AR PRoVidss B Gatingsse of

three- di gg %ea%‘?ﬁt? Mng oM} HR %roPEr%Esgﬁgy%m@N]%fé IHe @fhih Bizd H'i@tl iBfittonWé | |
recogni ze ot her nethods for adjustin outlines to match interval

geophysi kawnpThpeethiogs deSF@'@F@Q!ﬂ SSPéﬁQ-”BIﬁAFlgWﬁQ/éI%ﬁletsh@e @ad periermad i of t he

grain si i one point inside a geol ogic body. The
nmet hods '§%Fﬁ%££9¥%h§t Sﬂsgéﬁ |gure 4 are thesane and performed in an

equi val ent manner step. 504 of Figure. 5. -16- [0060] Step 505 involves the
bredi ot Ref', © 0SBt ARE 14 87 il Ul LR BEOLGGL FBachy Sl aB Q8L ! 28

di stribu i nfor fon froms i to use
grain si MerIDWUpdrmaabalhyl 1mtereaﬂ aTlogyillaigocmg lw dcdeotbplished bicehangiotab si nul at e
sedi nent at i on i.s simul ation

oo Do Puohica SETRARE Bfif B aar SR Radhw TEsO LR P lnsebity st
pr opertimay adsntanmtm Santhandesiltshbutghey conghay dorsdifi istguifican an®unts O detrital he

T RS S0 SL ] B BB b G2 T 20 REFLEIEY, e
space | npdr&eoemmsaﬁmérainﬁl(}l:d—lﬁﬁﬁ pofbsit endiReh BBy BOGY sand. The clay may be

concentrated in layers (“laminated clay”), or fairly evenly distributed through the sample

(“dispersed clay”). In one embodiment, clustering algorithms from Flo-Pac (as described in

PCT Publication No. W0O2005/104002) are used to distribute clay in our simulated rock. The

user defines the amount of clay to be inserted into the rock, size and density of the clay

‘clusters’, and the mode of distribution (laminated or dispersed). The clay distribution mode,

abundance, and cluster density all affect the pore structure, and therefore the flow

characteristics, of the sediment. Emplacement or deposition of clay, growth of cement and

physical compaction all act to decrease porosity and permeability with increasing burial.

[0062] A hypothetical example will now be discussed. In this example, a seed
detection of a seismic cube is performed. Figure 6 is a three-dimensional view of a seed
detected seismic cube 61 showing the individual prospective sand bodies 63 as well as the
upper 65 and lower 67 bounding horizons of the reservoir interval 69 as defined by an

interpreter.



forms with |ow perneability material. This filling can be acconplished by
conventional geostatistical techniques famliar to persons skilled in the
art. These |l ow perneability zones may contain thin sand and silts, but they
- commonl y con™ 058383 f i cant anmounts of detrital clay PERWS20GSIOEEs3gr ai ned
particles deposited with the sand or silt_grains. This clay often fills the
pores between sand grains, reducing poroslty and perneability of the sand.
The clay may be concentrated in layers ("lamnated clay"), or fairly evenly
di stributed through the sanple ("di spersed clay"). In one enbodi nent,
clustering alg hs I i - 0N No.
\W2005/ 104002) ﬂ%"réé' Leghte it E gldegf?ﬁelqe‘ﬁr%#) ogdr h%?%@%ﬁ"%%c?@%ﬁ@he user
defi nes the anbasad omﬂaemh'@yphbbgbeandEmmicmﬁnbmesoFigtn@ Triledrates b 2mp aivw MWensi ty of
t he cl ay ‘cIu I Shree-31 i.stri | spersed).
The clay di Stl‘l%ﬁl[l onC N ené,lpn%]abun a(r%llfl:uggatg&n %g&sterﬂdﬂe%%l?ﬁto%g ?5 gg}fnect t he
por e struct ur eFigared arhelassiﬁndemtthmba‘siscoﬁ/thetrlmmpimtogres ghd dsir sa’smichﬂrﬂstMi nent .

Enpl acenent or eposl L.i growt, t hysi cal, _conpacti on
all act to dec ng%gag O%?Sgg?tg ‘Iﬂecng 1 reer tr%‘éea ?T“p%“f%%mﬂ |Iﬁ%sgat ‘Elrynﬁég‘gur f%l

[ 0062] A hypot belhlsﬂﬂlboéiwjmpgedhhe]lyltobmwrdmsanﬁpnrme@mndlﬂsaﬁdlmd&xmdmde a seed

i cw of 8 Seedmebanpeiarsiarbols % el bR ee R ORE G WPospect  ve

sand bodies 63 as well as the wupper 65 and | ower 67 boundi ng horizons of
the reservoir {0064k valn & embodinianh@fiethihe arorphiologiss 9f dhechodied@re claBified 1383

PCT/ US2005/ 029 h seed
detection, t hezg)g?té) a%eﬁgélglggﬁi%%hb%ls 19&1%%8—? deO% ﬂn%%%%é@é% an%[ss!teiigl smc

attri but es.10Fi gutwolﬁmalﬁlgwtsrmw @m@pcml@whﬁﬁme ofoss-bpetioral end-roliprmisvssi onal
volume il lustr i i r r

classified on %ﬁﬁ Oteﬂtlf rg#&‘%ﬁ mtem?ﬁ%%ﬁg" gb?a%%ﬁ?‘%eﬁggssgtg%%ﬂg?l?rl butes 5
into categori eﬁlguhia%A ne&lcmss setchenat vtewl dlicummtmgsepomltlal m:cﬂcmgtpaabm ihlal ustrat ed
in Figure 7 ar bot.h sand bogdi ed.li kel rosand r meabl e
71 and sand bo ?’drgcafboa esﬁwo 1’(01'1t %mll)ﬂtlpl/efa l‘éa egaé:}(vofarn lgtﬁwgls 3 based
on nor phol ogy hetdzee:ﬁh«sﬁmpcesaﬁbuh@@eﬂand[tﬁﬁ]ﬁédrei;anvcmfhoslzmm{)dl ment, after the
nor phol ogi es of the bodies are classified,

15 [0065]  Net reservoir to gross interval ratios (net-to-gross) can be defined at each

column of cells in the section and at each point on the map as shown in Figure 8B. In
this illustration there are three ranges of net-to-gross illustrated. The ranges are 30 to
70 percent net-to-gross 82, five to thirty percent net-to-gross 84, and zero to five
percent net-to-gross 86. The map gives one possible net-to-gross constraint using .
20 polygons to divide the reservoir interval into domains of relative net-to-gross
potential. Such a map may be as simple as Figure 8B where broad polygons define
zones of relative reservoir potential, or it may show much more complex distributions.
The more complex models of net-to-gross may have spatially-varying patterns derived
from trace-by-trace interval attribute measurements from seismic and seismically
25  derived petrophysical volumes. In cases where the assemblage of detected reservoir
bodies does not total to the appropriate net-to-gross interval value from the map, the
assemblage may be adjusted through iterative modification of the areal extent and

vertical thickness of the individual reservoir bodies.

[0066]  Next, the grain-size distributions and related rock properties of the bodies

30" are predicted. Figure 9 illustrates a map view of a sifigle potetitial resérvoir sand body



obj ect - based connectivity analysis is perfornmed on the bodies in the
“three-dinensional |0 data volune. Figures SA and 8B respectively illustrate
cross-sectional and map views of a potential reservoir interval 81 as
.defined by previous steps of this exanple. Figure 8A is a cross-sectional
vi ew docunenting a potenti al stackinq_pattern in a hydrocarbon reservoir 83
containing nultiple, vertically stackdd sand intervals 85 between the top
reservoir horizon 87 and the base reservoir horizon 89. 15 [0065] Net
reservoir to gross interval ratios (net-to-gross) can be defined at each
col um o9t d:lﬁisirﬁinigl‘thet Rewsslet Pdandrid diecteAcd jatkiofibw @3 thitedepagited shesdagan i n
Figure 8 i | lustration there are.three ranges of et-to- ross

| Pust r apestt et Badyotes Bt beyolier VA e sizh d oLt op e BSery

thirty prRipeeghinRRtah@th@rsas®s F4he B9A¢. LIRS Raih Qizk LR IbURET Efdd E}eﬁhe H@wglf oss 86.
The map ﬁ@ves one possi bl e net-to-gross constralnt usi ng 20 ygons to

di vi de t lPlé@éMﬁ gstimated fkpm) Welks &5 b HRES A% the rreadit suryel hﬁ@@tuvﬁe@gra@s

potent i aljze SuFiBufoniBR J¥RYaRE usifg Shd WYl tRe agorﬁhxgw@m&ﬁe mro% shipeadoRRl ygons
define zones of relative reservoir potential, or it y show much nore

conpl ex EESHREEHAN SRRNIqueTdestided aé@wpf%xst%dwsa@f S%tof tFoglg%oésanﬁa%/ have
spatial | yestfé%ﬁ?’ I?gn BAd E%{r@sthg Y& coho y%@%ﬁlm b4, 'nﬂ:tdﬁhvﬁ f'?lét ribute

neasur enen rom seil s C and selsm cCa eri ve pet ropnysi cal vol unes.
| n cases9haed gery fine 96 sedh bagbe @cftuailetlte@ttOédﬂeermr-\gmm sizgodtheds islowletot t ot al

to the a%BUqﬁké@%@nﬂg&Hﬁggg&gﬁqnh@%gé value fromthe map, the assenbl age

may be a ste hrou ive nodification of the areal extent and
verti cal thlckness of the individual reservoir bodles [0066] Next, the

g:: Z:ZilnctSIe@% ﬁ SL:: :ablg%t%rlol]q\%r ac:?ngt‘[lgeegrlesgutl‘[endorf grra?l% léle n]{oH is %a}% 81 t]élﬁ ggpﬂl?%gelss%sre 30 are
erifial " asbtemp&raturesagichekppiypidfe f@1hd interrat biasttmdygBtlhzﬂ_ hist@wahdly st co@plednd t he

direction.of paleofl t hat .deposited the s body. The san body has
been poptiStel HEHoGI L5 e BFEPRPL I BAG BaoUd DR AT B ot de | h put
gr ai n- si geditle thpgs ke RblinidA& Bl Yurial Bee @rtiie) pebsife MdéhpddatieONevear ri ed by
the flowat the jnlet nmay be estimated fron1meFIs or outcr&gs in the area

of st udy“mﬂi’é‘o'ééqch‘%‘feé&“@’r%ﬁ HoPag; (descebedip Pt Potisation Ny hf U@ ng one of
t he al gopdddinEetdik® NntulIRionWrtiBe MdifRRRN! QnPadtidh; cementation and clay filling,

calibrated to thin-sections of the sediments.

[0068] Figure 10 is a schematic representation of the burial and diagenetic alteration
of a sample block 101 of reservoir sediments 103 with increasing burial 105 through time,
with concomitant increases in pressure and temperature 107. The initial grain pack block 101
is highly porous and permeable with low density clays 109 and no cement. The final reservoir
rock block 102 has reduced porosity and permeability due to mechanical compaction of the
sand grains 103 as well as chemical dissolution and precipitation of pore-filling cements 104
and compacted clays 109. This burial history allows detailed estimations of the rock

properties throughout the history of the sedimentary basin.

[0069] Figure 11 gives a three dimension view of the last step in this example work
flow where non-reservoir and low quality reservoir material 111 are added to the final

geologic model using geostatistical methods calibrated to well and interval




si ze inversion techni ques described above for steps 402 and 504 of Figures 4
< and 5 respectively. In this figure, the grain-size contour ranges include
coarse 90, nmedium 92, fine 94, and very fine 96 sands, but the actual

. output of the shape - grain size nethods is conplete grain size
distributions at all points in the body [0067] After inversion, the
resulting grain size nodel is taken -18-t he depth, pressure and tenperature
regi me appropriate for the interval of study. Burial history analysis
coupled wth know edge of initial grain m neral ogies and grain size

distri bzédoﬁlﬁ},%lcﬁlf’dbnb@l AE6dhdvn alprﬂ@d:hm bddie 1¢$lamasasqﬁe th@vsietpmeshsd from
buri al ue to tine ressure. and tenperature. si mul ati on technlques

such as fpﬁ%ﬁarcba(sﬁé%'érﬁhﬁéedtefmn@esrmpwép |acdafail%mﬂéel Oﬁﬁm@m@m@ma abr i t

det ai | ed,qiyaulséd {ooé%u%tetﬂaﬁ] RerbrgpRkiad Mﬂaese@@ﬁpﬁ}%&dc%n kRIRIMsald @mand clay
filling, <calibrated t hi n-sections of the sedi nents. g£068] Figure 1.0 is

a schensiffeevat dp pédigor aﬁ tmhntﬂﬂleft frscrihg iabgve £ad bel e dn exclist Bletpsepstticonl of a
sarml e %9géau&é?&algt)asﬁlﬁaﬁﬁrn\spj[ugt FEALIRRL FitehAPasWel Bk BR L da?rqglé)u“ al. 105

t hrough ti e concomtant increases in pressure and tenperature 107.
The initial grain pack block 101 is highly porous and pernmeable with | ow

densi LY @RS, 109 RilaDRnGErRR o T, LLNALRES SENAL Ty ulickyRlifslly 302 has

reduced sity and’ pernmeab ani ca sand
grai ns 1fdghasdaseitedas IKipemi k2aIW'nﬂ scfalendei mnFlgurd nr alis pantbatinmant afvolyes e- f| I'1ing
cements 104 uri al | ows dFtaiIed

ColT et i eyl o SSTRAR' Sk Gofortesattin g Niswatt e st ke S
sedi rT'enttihéy‘egtD(ﬂﬁlA@ ilhs0a6dfin Figaterie, dd oglivetorm of hr lesst dhdrgavsdginbodyevithadf t he | ast

step in this npl e wor w wher resery0| w uaI|
oo v the SRR e gion v i an o TENE e Epoa R lash REld BRareae e
geost at i &dolopa) bR tiN@denGRlI fRnatRGutlPe Wt ofaRélbddytie kiepl1202L The gRaPEYSI cal

control. Al so shown are the sand bodi es 113 as well as the reservoir top 115
and res@piiBitionpyihin e gepipgice bodyc Fin deferaingsh yvne@ Elalonshin datwesdidhe of t he

reservoi Lsiitfe8 ¥ R0and BRNIPEsitdd Ghik Q1z‘é‘5ch;l;tﬂﬁhr°onhﬁt§ﬂep" Pfs. AhePektl es and
reservoir production characteristics of interval. I'n addition, the

technlqu@@P@@%@Wﬁb@dmabﬁ@@g@ahxbewegb@ﬂpwﬂbﬁ@ﬁﬂc@lﬁ%%eﬁmﬁﬁﬁrgmésﬂé? t he
sedlnentagﬁbgﬁﬁhgségﬁﬂﬂpt just the reservoir interval as described in this
exanpl e

[0071] Step 1201 is the identification of outline forms of geologic bodies and may be

accomplished according to a variety of methods, as described in step 401.

[0072] Step 1202 involves determining the flow field that deposited the geologic
body from the outline form of the body. In one embodiment, this step is accomplished as
described in U.S. Patent No.7,062,383, which is hereby incorporated by reference, where
equations are given relating the three-dimensional shape of a sedimentary body to the flow
field which deposited the body. In a second embodiment, this step is accomplished in a
manner described in U.S. Patent No. 6,885,941, which is hereby incorporated by reference. In
that application, the flow properties at an inlet are determined from a two-dimensional map
view outline of a geologic body, and the flow field that deposited the body is determined
from the inlet flow properties. In a third embodiment, this step is accomplished by simulating
the fluid flows which could have produced the body and adjusting the boundary conditions of
the flow until the simulated deposit outline most nearly resembles the observed outline from

step 1201. A suitable method for simulating such flows is described in PCT Publication No.



[0070] In addition to the enbodi ments descri bed above, a third enbodinent is
“further described in Figure 12, Wth reference to Figure 12, this enbodi nent
i nvol ves procedures to determ ne rock properties within a subsurface region
using a seismc imge of the region. As illustrated in Figure 12, an
outline formof at |east one geol ogic,body within the subsurface region is
identified in step 1201. The depositiﬂg flow field. that created the

geol ogic body is determned fromthe outline formof the body in step 1202.
The grain size distribution within the geologic body is determ ned using a
r el at i onsSKHOPOMBEOFRE whitd is kes¢byrmadoggbrdtédoby refeednde. dim theset mwemsi, thedﬂogr ain size

distribution in st 1203. T ro r.opertie |c body
e det e TRE BRSTIFLGH Do dE: et Bad JPBRRS S Bl B et ARueRTor e cp 3204,
[0071] Sts@fpedd2Abedimcht@nta@atidd inabd Flow, ofd g)hih|sizBQh§t1®H§LIﬁSn of tl&%ﬁk@gﬂ&i bodi es
and may be  acconplished according to a variety of nethods, as described in
step 4015¢¢i6H2] Step 1202 invol ves determining the flow field that
deposited the geologic body fromthe outline formof the body. In one
enbodi ment, this step is acconplished as described in U S. Patent

No. 7, 062,183] whi cRtepd2A3 teplyes drsompinehe gramysizechsdiipion in (haderosit §qiat i ons
are glveq _B@Hﬁﬂﬂgkgeﬂ§Pﬁgﬁnﬂhﬂ%ﬁﬁéﬁﬁﬁéu§ﬂ§QﬁpQRd@e&ﬁQhﬁE@ﬁ%&%mpﬂgy to the
fl ow fle whi'c eposited the n a secon odinent, this step is
acconpl i slepetitphgrain singrihsribugien end ﬁ\éd%wmwpeslespémmrlaisaoemlerl%&lgmshlm| chis
her eby. | NEQERGKALSHPDY. NEHEHENSE: WiPoohRtacaRRL L oAl NbDS obh o pgoper L1 es
at an inlet are deternined ron1a t wo- di mensi onal view outl1ne of a
geol ogi c &’8dW41.arvchichrese felfeyomced aelode.t hat deposi t ed the body i s determn ned
fromthe inlet flow properties. In a third enbodinent, this step is
acconplished by simulating the fluid flows which could have produced the
body and [a0fj4)ist i ng Stdpd 2be invdiaeythe predictibrosfarodd propdrgesfwichin thateedlogibBodsi mul at ed

deposit qutline nost nearly r | es the gbserved outline fro ep 1201.
A Dot bl Shetragtn Fi Stk FREOGUEE BRI S bt el T cat 1 on
No. -20- W2006/007466; which. is hereby incorporated by reference. In these
enbodi nents, the flow properties specified as part of the flow field

typically include at |east the flow velocity, suspended sedi nent
concentration in the flow, and grain size distribution of the suspended



SEIAE

sedinment. [0073] Step 1203 involves determning the grain size distribution
in the deposit from the flow properties. This determ nation is nade using
enpirical rel ationships between the deposited grain size distribution and
the fl ow propeotecessissdppropriate enpirical relationshi pecraksosdpsssi bed in
PCT Publication No. W?2006/ 007466 and U.S. Patent Nos. 7,062,383 and

6, 885,941.), which are referenced above. [0074] Step 1204 invol ves the
predi ction of rock properties within the-3kel ogic body based on grain size
di stribution. Methods for making this prediction are described in step 403.
WD 2006/ 031383 PCT/ US2005/ 029753 -21 CLA| W claim 5 1. A nethod for
constructing a geol ogic nodel of a subSttMze vol une, conprising: (a)
identifying at | east one outline formof at |east one geol ogic body wthin
t he subsurface Wofl@fe from geol ogic data pertaining to a subsurface vol ume;
(b) estimating a grain size distribution within at |east part of the at

| east 10 ong gaol ogACniMdY fdsiddGstiubEhgat RSl MOEeIOK hi ABsdrBcéNRfuniche at

| east one geol ogi c. body; (c) estimating rock properties of the subsurface
volume within &TPRAYE part of the sedinentary basin based on the grain
size distribution. 2. The nethod of claim 1l wherein the geologic data is
Isel ect eddf rom On?;bpta) ;Sdaﬁiﬁ;sﬁg' Qtf Ié@ﬁé&me ﬁuﬂiﬁéﬁ @cpmdh dait ];&, leiﬁisfb!’o@e%aﬁmvméie%pdyV\BL|

ogs, and any capbi pation_thereo : e method of claim rein the at

| east one out | iI"HEF BT FOSFEALHEO! eﬁ@agﬁiﬁ%ﬁwaﬁwgéowﬁv fase VBREi fi ed by a
met hod sel ected fromone of manual identification of stratigraphic
surfaces, automat ed(r opataitingn ghinsizalistihutighwithiawt lastegrt dthoarptdstc
identification of stratigraphically. realisti.c geolqgjc di,es as_.regions
having s i 1%r O30 geate bt Biter e o e et Bl R AhE D5, S6e BR0eRE cor

body;

(¢)  estimating rock properties of the subsurface volume within at least part

of the sedimentary basin based on the grain size distribution.

2. The method of claim 1 wherein the geologic data is selected from one of

15  seismic data, outcrop data, core samples, well logs, and any combination thereof.

3. The method of claim 1 wherein the at least one outline form of the at least one
geologic body is identified by a method selected from one of manual identification of
stratigraphic surfaces, automated propagation of siratigraphic surfaces, automatic
identification of stratigraphically realistic geologic bodies as regions having similar

20  seismic attribute values, and any combination thereof.

4, The method of claim 3 wherein the at least one outline form of the at least one
geologic body is identified by automatic identification of stratigraphically realistic
geologic bodies by a particular method selected from one of performing
stratigraphically based seed detection in seismic data, performing object-based
25  connectivity analysis in seismic data, classifying morphologies of seismic objects and

extracting reasonable morphologies, and any combination thereof.

5. The method of claim 1 wherein step (a) further comprises:



4. The nethod of claim3 wherein the at | east one outline formof the at

| east one geologic body is identified by automatic identification of
stratigraphically realistic geologic bodies by a particular nmethod sel ected
fromone of p&FPPHM3KES stratigraphically based seed det BCT/U00510975%i ST C
data, perform ng object-based 25 connectivity analysis in seismc data,

cl assi fying norphol ogi es of seismc objectf and extracting reasonable

nor phol ogi es, and any conbi nati on thereof~ %5 The method of claim| wherein
step (a) further conprises: W 2006/ 031353 PCT/ US2005/ 029753 -22 extracting
a seismc body from seismn L OW . I SN dy from
a seed point using strat?g%gp %§$¥§Eggg%ggggéﬁhgﬂﬁﬁ%?fgﬁmﬁﬁgag&ggﬁgnic dat a
set, perform ng an odejsmixtbodp$rech csped pabt using stratizgedphically Ioasedoteed dastiomme 5
extracted body, and aCslef‘ss ciéa%/isgg the at | east one extracted body by

nor phol ogy and extracting €’seismc body if the norphol ogy is reasonable.
6. The nethod of claim1 conprising relating the at | east one outline form
of at |east one geol ogi eeifeang an tdhiectasedy ceringetivity sanelybigt groat leastsedeect ed
fromthe groyp 1o qgﬂg&éﬁhﬁgzﬂﬁ relating a three-dinmensional outline of at
| east one geologic body to an internal grain size distribution, relating a
t wo- di nensi onal plan view outline of at | east one geologic body to the

internal grain size distclapifyingnther &l lepstnepet prtearisd skody biatmaerphelqgy ede

geol ogi ¢ body to thekBiaE ARl si@hRivdapifiR Mirfiddsh W eRBnatiiSt €rmining
properties of a water-larn sedi nment” body froma neasurenent of grain size
di stribution and deposit 15 thickness at, one location in the at | east one
geol ogi ¢ body, PilliH§ Bithednfsiaim ) qopponsieg relatins Gt lattong setias o ohals nal | er

bodi es havi ng a)editSdrei fabfokieMbodf tHRPEMAIN 8% JdBSRIAEH sBlected \WRh] theSdrélpl at i ng
fluid fl ows which produced the at | east one geologic body while adjusting
boundary coridi t Fepistieg ofiplating 4 fheperdimggpsionaltquiling of ptigashenereqlogis oty oGt | i ne

resenbl es the sl Gakd szeRfureH rdRRRS tvo-Aikidnkibeal pRR $ieR bitfR TPt MGE! ON
one geologic body to the internal grain size distribution, relating thickness of at least.
one geologic body to the internal grain-size distribution, determining properties of a
water-lain sediment body from a measurement of grain size distribution and deposit
15 thickness at one location in the at least one geologic body, filling of seismically
defined geologic bodies with smaller bodies having a distribution of properties
observed at a well, simulating fluid flows which produced the at least one geologic
body while adjusting boundary conditions of the fluid flows until a simulated deposit
outline resembles the seismically observed deposit outline, and any combination

20 thereof.

7. The method of claim 1 wherein estimating rock properties of the subsurface
volume uses at least the grain size distribution in at least one point within the

subsurface volume.

8. The method of claim 1 wherein step (c) further comprises,
25 estimating the grain size distribution and mineral composition of grains in
sandstone,

simulating sedimentation of grains from the grain size distribution and mineral

composition of the grains,



20 thereof. 7. The nmethod of claim 1l wherein estimating rock properties of
t he subsurface volune uses at least the grain size distribution in at |east
one point within the subsurface volune. 8. The nethod of claim 1l wherein
step (c) furtYEQ28¢MWEses, 25 estinmating the grain si zePEI/ES20039297%0Nn and
m neral conposition of grains in sandstone, sinulating sedinentation of
grains fromthe grain size distribution and mneral conposition of the
grai ns, WD 2006/ 031383 PCT/ US2005/ 029753 293 sinmul ati ng conpaction of the
grains, and sinulating cenentation of the grains. 9. The nethod of claim1l
wherein step (b) fargher.. I I upper and lower grid cell
boundari es correspon%?%lam?%%%%gﬁtblf%%g@ns’%ggi me surfaces determ ned by

si mul ati on of sedinent deposition. creating side grid cell boundaries, and
model i ng the rock pr#peletingesmentationeof $igtegainst ace vol ume using grid cells
associated wth the upper grid cell boundaries, lower grid cell boundaries
and side grid oell DRUACEIA Fslaint® whbreinAtelel)Tathet QmERASt ructing a geol ogi ¢
nodel of a subsurface volune, the nethod conprising: (a) identifying at
per ai ning to. t ho SuBEURE BRI RSE oL BPEEETA PTG HORTORCG ot

| east one outsl i Hel@fEeOMhdmind@bPtimhRASH of sedierd@epositibhi ne form likely to
correspond to sand-prone geol ogi c bodies; (c) adjusting the at |east one
outline formof the potential .gealogi c .body, to nake the potential geologic
body substantially C%ﬁagﬁnggl‘gﬁgn%e@r?o%a%msr %ﬁr@al constraints

modeling the rock properties of the subsurface volume using grid cells

associated with the upper grid cell boundaries, lower grid cell boundaries and side

grid cell boundaries.

10 10. A method for constructing a geologic model of a subsurface volume, the

method comprising:

(a) identifying at least one outline form of a potential geologic body from

geologic data pertaining to the subsurface volume;

(b)  selecting from the identified at least one outline form only the at least.

15 one outline form likely to correspond to sand-prone geologic bodies;

(c) adjusting the at least one outline form of the potential geologic body to
make the potential geologic body substantially consistent with additional constraints
on body properties;

(d) estimating the grain size distribution within at least a potion of the
20 potential geologic body, guided by the at least one outline form of the potential
geologic body;

©) estimating rock properties within at least a potion of the potential
geologic body based on the grain size distribution.



on body properties; (d) estimating the grain size distribution within at
| east a potion of the 20 potential geol ogi c body, guided by the at |east
one outline formof the potential geologic body; (e) estimating rock

properties wwdddssiasbeast a potion of the potential gpglpeesE9dy based on
the grain size distribution. WO 2006/ 031383 PCT/ U82005/ 029753 -24 11. The
met hod of claim 10 further conprising filling at |least a portion of a

volunme within a sedinmentary deposit that-gpes not correspond to the
sand-prone geol ogi c bodies with | ow perneability material. 12. The nethod
of claim 10 wherein the geologic data is selected fromthe group 5
consi sting of $bi sniks hgad obglaim df furhen compriving flipE et leagier Iportiogf aand any

conbi nati on f H@érh t gast one
outline form OP&mﬁg vgg)htqlgﬁts Eﬁfn %%gl cth%4 géeg]lny)l }c‘}@&? nto Sgﬁd t hod

sel ected from gﬂéogyrhnﬂlgﬁsamhslwmmgahﬂitymtm@ll i denti fi cat | on of
stratigraphic surfaces, automated propagation of stratigraphic 10 surfaces,
automatic idenypfi cptd rﬁ&h&f oiscfl;ﬁﬁtlbgﬂﬁﬁhi tﬁé‘kéo\logiceﬁtd ﬁ%él@ct%ﬂlnﬁ%ec%r I es as
regions having simlar seismc attribute values, and any conbi nation
thereof . 145 TRensHERgfceismiceats; pHidOP Jie FRE farmmies, well 105a§t1d FecoBbinpligte f or m of
t he potenti al gRkogic body is identified by automatic identification of
stratigraphically realistic geologic bodies by a particular nmethod sel ected

fromthe group consisting of 15 performng stratigraphicall based seed
detection in sédsni Eregaethod ?félzﬂ‘ér%v\‘bﬁfew}‘%éttlﬁasb%éﬂﬂ%rf?}'&:? pyensialal ysis in

seismc data, gbassd ﬁd@yfiﬂld%}ﬁﬂb@&ggie%dgélec‘i&'ﬁdﬂ fhe gRPb @6hsBstiAk B BaduRiACt | Ng
reasonabl e nor phol ogi eS, and any conbi nation thereof. 15. The nethod of

cl ai m 10 wher eidentificafion of ﬂ'éatlﬁ'@lalﬂ?)r%‘@éc%y apmged joRagation: of etraigranbife out | i ne
formso t hafy nelekd; Qtﬁ‘%%ﬁu@fldﬁhﬁéaﬁ% bof Q,H%g"ré?fﬁ%l}’}ﬂ 'réahétﬁt §€oY6’g!io bédtesest | mat ed

20 from seismc or wel | data, is substantiall ci/equa to the fraction of
vertical dist affeions having similar seismic attribute values, and any combination thereof.

14.  The method of claim 10 wherein the at least one outline form of the potential
geologic body is identified by automatic identification of stratigraphically realistic
geologic bodies by a particular method selected from the group consisting of
15 performing stratigraphically based seed detection in seismic data, performing object-
based connectivity analysis in seismic data, classifying morphologies of seismic

objects and extracting reasonable morphologies, and any combination thereof.

15.  The method of claim 10 wherein step (c) is performed by altering the at least
one outline form so that net-to-gross of at least one reservoir interval, as estimated
20 from seismic or well data, is substantially equal to the fraction of vertical distance

through the at least one reservoir interval contained in body outlines.

16.  The method of claim of claim 10 wherein step (d) is selected from the group
consisting of relating a three-dimensional outline of the at least one geologic body to
an internal grain size distribution, relating a two-dimensional plan view outline of the
25  at least one geologic body to the internal grain size distribution, relating thickness of
the at least one geologic body to the internal grain size distribution, determining
properties of a water-lain sediment body from a measurement of the grain size
distribution and deposit thickness at one location in the sediment body, filling

seismically defined geologic bodies with smaller bodies having a distribution of



t hrough the at | east one reservoir interval contained in body outlines. 16.
The nmethod of claimof claim 10 wherein step (d) is selected fromthe group
consisting of relating a three-di nmensional outline of the at |east one

" geol ogi ¢ bodyWPa30064H383nt ernal grain size distribution, PETASI00g02753

t wo- di nensi onal plan view outline of the 25 at | east one geol ogic body to
the internal grain size distribution, relating thickness of the at | east
one geologic body to the internal grain s2e distribution, determ ni ng
properties of a water-lain sedinent body froma nmeasurenment of the grain
size distributjon si.t thickne . Q ion.in.,th | ment
body, filling pé%qeg%pgg%?‘%ﬁa%fa’l Vﬁg%i bgegéﬁ%éi c“ﬁggyveg%\;mﬁtlﬁo%uﬁ%q %tefr%ﬁ% ‘%es

havi ng a di st r igsolbgio hodyf whie adjeif/ghdh:RaS defditidiS20the ADRIFS until2Esimpulaipdr t | es

observed at a |1, simulating fluid flo ich produced at |east one

geol ogi ¢ body iPesk 8%%trFsﬁ 580 ﬁaﬁﬂifmé%ﬂ%ly\%sgﬁ%&)o PO © ?‘ﬂ?’d % until a
si mul at ed depasmbinatidnl thereofr esenbl es t he seismically observed deposit
outline, and any conbination thereof. 5 17. The nethod of claim 10 wherein

step (e) furst helr7_ co O‘Hﬁ*%dofecﬁilin%tg}glﬁlggﬁsoﬁégrf@tﬂf?%nfpfﬁsgi stribution and

. . S
m ner al conposition gralns 1n SImu

ng’sedi nent ati on of
grains fromthe grain size distribution and m neral conposition of the
grains, 10 sinul at i peimabng et grein side disdbuiiemiand misasel cogippsitien phgraimedfent at i on
of the grains. J& dhe nethod of claim 10 wherein step (d) further
conprises, creating upper and |lower grid cell boundaries corresponding to
depositional time surfaces determ ned by sinulation of sedinment deposition.
15 creating side gr Bignutating sedirpenipsion eSeraiphiiomEwaraimgjzq ¢isiripyior apd BinewRt i es of
the basin usi nggrhdhidmelrit #asoci ated with the upper grid cell boundaries,
| ower grid cell boundaries and side grid cell boundaries.

10 simulating compaction of the grains, and
simulating cementation of the grains.

18. The method of claim 10 wherein step (d) further comprises,
creating upper and lower grid cell boundaries corresponding to depositional

time surfaces determined by simulation of sediment deposition.

15 creating side grid cell boundaries; and

modeling the rock properties of the basin using grid cells associated with the

uppert grid cell boundaries, lower grid cell boundaries and side grid cell boundaries.

19. A method for constructing a model of a subsurface volume comprising:

20 (a) ' identifying an outline form of at least one geologic body from geologic

data pertaining to the subsurface volume;

(b) estimating a depositing flow field that created the at least one geologic
body from the outline form;

(© estimating grain size distribution within at least part of the at least one
25 _.g_egl_qgi&tgg.c_iy_qjsjgg a}_relationship between an estimated flow field that created the at

least one geologic body and the grain size distribution;



19. A nethod for constructing a nodel of a subsurface vol ume conprising: 20
(a) identifying an outline formof at |east one geol ogi c body from geol ogi c
data pertaining to the subsurface volune; (b) estimting a depositing flow
‘field that cr¥apeel§o33B at | east one geol ogic body frommdrasensdlorse f or m
(c) estimating grain size distribution within at |east part of the at |east
one 25 geologic body using a rel ationship between an estimated flow field
that created the at |east one geol ogic b‘c?éy and the grain size

di stribution; WO 2006/ 031383 PCT/ US2005/ 029753 -26 (d) estimating rock

properties of a sedipent th }!9 rface
vol unme based on the@eal %Eéaé?@sﬂ&&{ P &1‘{;0% d‘%ﬁéﬁaﬁgﬁs ‘ﬁ%hl?ign?aﬁ ali lr1%l119
further conpri sﬁhaglbmﬁfangvoimnebabdagythagdmtsuedatn‘butlinrst ory information in

conmbi nation with grain size distribution to estimate the rock 5 properties.
21. The nethod X cl'l“ai:memgdmhéaieiwfnﬂﬂwrmnriﬁ'mgedn@mpmsﬂdgymgdblhrmw field

corprises  SPay @l VAR lobnlealn |:8A3in 998 4 Blinl Y0 LERARI R oo | OV

hei ght, suspende concen suspende Nent grain size
di stributions arp:tomi;escorrbl nati on thereof.

21.  The method of claim 19 wherein the estimated depositing flow field comprises

spatial variability of at least one of flow velocity, flow height, suspended sediment
concentration, suspended sediment grain size distribution and any combination

thereof,



